Age-related de¢cits in speech understanding are well documented. Because speech is a complex signal, containing time-varying acoustic cues, it is frequently hypothesized that aging adversely a¡ects the ability to process temporal cues.This study examined the neural representation and perception of voice-onset-time, a temporal cue that distinguishes voiced /b/ from voiceless /p/ sounds. We found that older adults had more di⁄culty than younger listeners discriminating voice-onset contrasts. In addition, these same speech stimuli evoked abnormal neural responses in older adults. That is, compared with younger listeners, N1 and P2 long-latency auditory evoked responses were prolonged for older adults. Collectively, these results suggest speech perception di⁄culties described by older adults may be related to age-related changes regulating excitatory and inhibitory processes. NeuroReport 13:1865^1870
INTRODUCTION
Normal-hearing older adults frequently report difficulty discriminating speech sounds. They often complain, 'I can hear you, but I cannot understand you'. Because speech is a complex signal, composed of multiple time-varying acoustic cues, one explanation for impaired speech understanding is that aging adversely affects the ability to process temporal cues [1] .
In the English language, the consonant /b/ is distinguished from /p/ based on a temporal cue called voice onset time (VOT). During speech production, VOT is the period of time, measured in milliseconds, between the release of a consonant and the onset of vocal fold vibration [2] . To hear the difference between bill and pill, the presence or absence of a VOT gap 20-40 ms in duration must be heard. Fortunately, the auditory system is capable of encoding rapid temporal changes with exquisite accuracy, on the order of tenths of a millisecond. However, it follows that disrupted neural precision can result in consonant confusions and impaired speech understanding.
In a recent study, Strouse et al. [3] found that older adults had more difficulty than younger adults in identifying and discriminating small VOT durations along a /ba/-/pa/ continuum. They concluded that elderly listeners are at a disadvantage when trying to perceive temporal changes in the acoustic waveforms that compose everyday conversational speech. In addition, it has been hypothesized that impaired temporal coding results from an age-related loss of neural synchrony [1] . In other words, aging reduces the total number of simultaneously discharging neurons, which in turn compromises neural timing patterns.
However, other factors may also contribute to the age effects reported in the literature. First, it is difficult to find elderly adults without age-related hearing loss. Second, aging is often accompanied by a decline in cognition, working memory, and sensory processing speed [4] . It is possible, therefore, that some of the age-related differences seen during behavioral tests of auditory perception may reflect non-auditory age-related factors.
Physiological measures provide an opportunity to study temporal precision while minimizing age-related confounds such as memory and cognition. For this reason, we combine physiological and behavioral methods to study the brainbehavior relationship in normal-hearing older adults. Specifically, the purpose was to determine whether older adults have more difficulty than younger adults perceiving 10 ms VOT contrasts, and whether this VOT speech cue evokes neural detection patterns that are different for older and younger listeners.
MATERIALS AND METHODS
Participants were 10 younger (19-32 years) and 10 older (61-79 years) adults with hearing thresholds of ! 20 HL (250-8000 Hz). Subjects 4 65 years obtained a passing score of ! 24 on the Mini Mental Status Examination [5] . All participants described themselves as being in good health, reported no hearing difficulty, and denied any significant otological or neurological medical history. Participants provided their informed consent and the University of Washington Human Subjects Review Committee approved the research protocol.
Stimuli were synthesized tokens from a seven-step VOT / ba/-/pa/ continuum. Tokens ranged from 0 to 60 ms VOT in 10 ms VOT steps. Stimuli were generated using a Klatt digital speech synthesizer [6] The stimuli for all behavioral tasks were presented monaurally, to the right ear, at an intensity level of 65 dB SPL. Subjects were familiarized with the seven tokens (10 ms increments) belonging to the /ba/-/pa/ continuum. Next, during the discrimination task, stimulus pairs that were either identical to each other, or differed by 10 ms of voicing were presented. A total of 190 trials were presented across 10 blocks (19 trials per block) and the interstimulus interval was 500 ms.
Each listener was asked to determine whether the two stimulus tokens presented were the same or different from each other, and choose same or different on the computer screen in front of them. Both choices were presented as text on the computer monitor. Participants did not receive any feedback indicating whether their response was correct or incorrect. If the participant correctly identified the two stimuli as being different this response was scored as a hit. When the participant responded that the stimuli were different when in fact the two stimuli presented were the same, this response was considered a false alarm. Using a same-different differencing model [7] hit and false alarm rates were used to calculate d 0 values. The N1 component of the N1-P2 complex is an onset response reflecting synchronous neural activation of structures in the thalamic-cortical segment of the central nervous system in response to spectral and temporal cues contained in spoken language [8, 9] . The N1-P2 complex was measured in response to the same seven tokens used during behavioral testing. For example, the 0 ms VOT stimulus was presented 500 times in order to obtain a single 0 ms averaged response. This procedure continued until seven separate electrophysiologic responses were obtained. Stimulus order was randomized to prevent potential order effects.
Stimuli were presented to the right ear, at the same intensity level (65 dB SPL), using the same ER-3A insert earphone worn during behavioral testing. The interstimulus interval was 910 ms. All participants watched a closedcaptioned movie during electrophysiological testing. EEG activity was recorded from 32 silver-silver chloride electrodes using the International 10/20 system [10] . A nose electrode served as the reference and a forehead electrode as ground. Eye blink activity was monitored using electrodes located on the superior and outer canthus of one eye. Ocular artifacts exceeding 7 80 mV were rejected off-line. Evoked responses were analog band-pass filtered on-line from 0.1 Hz to 100 Hz (12 dB/octave roll off). Using a Neuroscan system, EEG channels were amplified with a gain Â 500, and converted using an analog-to-digital rate of 1 kHz. Responses were then filtered off-line from 1.0 Hz (high-pass filter, 24 dB/octave) to 40 Hz (low-pass filter, 24 dB/octave).
RESULTS
Older listeners had more difficulty than younger listeners discriminating 10 ms differences in VOT ( Fig. 1; t 
Averaged evoked responses and peak latency values are shown in Fig. 2 . A repeated measures ANOVA, comparing age groups (younger and older listeners) and VOT (seven VOT stimulus conditions) revealed that N1 latency increases as VOT increases (F ¼ P2 latencies also shifted with increasing VOT (F ¼ 21.8, df ¼ 6, p o 0.0001). A significant main effect for age (F ¼ 12.2, df ¼ 1, p ¼ 0.003) with no significant interaction (F ¼ 1.2, df ¼ 6, p ¼ 0.31) suggests that P2 latency delays were evident for older listeners in all VOT conditions. No significant age effects were found for N1 or P2 amplitude. 
DISCUSSION
The present study reinforces the findings of Strouse et al. [1] and others who report that older adults have more difficulty than younger adults perceiving temporal cues. Specifically, older listeners had more difficulty than younger listeners discriminating 10 ms VOT contrasts. In addition, our physiologic findings suggest that age-related structural and/or neurochemical mechanisms regulating excitatory and inhibitory processes may be responsible for some of the perceptual difficulties experienced by older adults. This conclusion is made because the same stimuli used during perceptual testing evoked neural response patterns that were different for younger and older adults. Specifically, N1 latencies were prolonged for older listeners in response to stimuli with increased VOT durations and P2 latencies were delayed for all stimuli. Delayed N1 latencies in older adults suggest age-related delays in synchronous firing among neural populations generating the N1 response. Because younger and older listeners exhibited N1 responses that were similar in latency when evoked by the 0 ms VOT stimuli, each group appears to be able to time-lock to the simultaneous onset of the consonant burst and voiced vowel. Therefore, no age-related differences in excitation ability are found when the stimulus does not contain a gap of silence. However, at increased VOT durations, N1 latencies are prolonged for older adults. These findings suggest that older auditory systems are less able to time-lock to the onset of voicing when there is a gap between the onset of the consonant burst and the onset of the vowel.
What do prolonged N1 and P2 latencies suggest about the aging auditory system? At present, the neural code underlying VOT perception is still unknown. However, researchers agree that VOT is partially represented by properties intrinsic to neurons in primary auditory cortex [11] [12] [13] [14] . Single and multiple unit studies in animal and human cortex have shown that temporal cues, such as silent gaps between two non-speech signals or two segments of a speech signal, are represented by synchronized responses of neuronal ensembles time-locked to the consonant release and onset of voicing. The combination of synaptic depression (excitation) and amount of after-hyperpolarization reflects a range of gap intervals. Neural activation evoked by the initial portion of the stimulus (e.g. initial burst) modifies the ability to generate a response to the second stimulus segment (e.g. second burst). Eggermont [13] proposed that the effect of the initial burst on the second burst might be related to a forward masking effect. Prolonged physiological recovery from forward masking has been demonstrated in older animals and older humans [15, 16] and may be occurring here. For example, N1 latencies are similar for each group in response to the voiced stimuli (0-30 ms VOT), probably because the N1 is dominated by the initial burst of the consonant. This could suggest that the forward masking effect of the burst is similar for both age groups. However, when VOT exceeds 30 ms younger systems recover more quickly and result in earlier N1 latencies for the younger group.
Another possibility is that older auditory systems are less able to synchronize to the initial consonant burst, resulting in smaller neural responses to the onset of the burst but larger responses to the onset of voicing. Figure 3 shows response waveforms from two individuals in response to the 60 ms VOT syllable /pa/. Temporally overlapping responses to the burst and onset of voicing are seen and the onset to the burst is larger in the younger adult and smaller in older adults. Even though the initial response is smaller in older adults, the amount of forward masking produced by that noise might be more disadvantageous for older auditory systems.
Finally, age-related refractory issues may also be a factor. If it is assumed that some of the neurons that responded to the onset of the consonant are the same neurons that fire in response to the onset of voicing, then delayed N1 responses to the onset of voicing could reflect slower recovery processes from the initial response to the consonant burst. Age-related refractory differences have been reported in the literature and may be occurring here [17] .
To what degree N1 latency influences P2 latency is unclear because little is known about the P2 response. However, it has been reported that N1 and P2 are distinct events, each reflecting several anatomical sources [18] . This notion is reinforced by the fact that older participants elicited prolonged P2 latencies in response to the 0 ms VOT stimuli, when N1 latencies were comparable for both age groups. In addition, global field power measurements, which quantify the instantaneous global activity across the spatial potential field sampled over the entire scalp [19] , show distinctly different latency patterns for N1 and P2 peaks (Fig. 4) . Like the latency pattern recorded from vertex, global field measurements show N1 latency increasing as VOT duration increases. Furthermore, responses from younger adults occur earlier in time than responses recorded from older adults. However, global field measurements do not show P2 latency shifts with increasing VOT. Because P2 latencies were slightly delayed in older adults, regardless of stimulus VOT, it appears that prolonged P2 latencies are unrelated to gap recovery.
Speech perception and the aging brain: Because physiological responses involve a passive paradigm that does not draw on memory and cognition, it can be argued that the age-related differences reported in this study are likely unrelated to top-down processing differences. This is not to say that the mere presence of a neural response automatically brings about phonemic perception. Similar neural patterns representing VOT have been found in animals that clearly do not possess language-specific capacities [11, 20] . In addition, recent studies have shown that the N1-P2 complex does not reflect phonetic categorization [21, 22] . Ultimately, perception involves numerous cognitive processes that go beyond a single neural code. However, the N1-P2 complex does reflect underlying neural timing patterns believed to contribute to perception. Abnormal N1-P2 response patterns have been reported in children and adults with varying types of speech perception impairments [22, 23, 24] . For this reason, it is possible that abnormal neural response patterns may be one of many factors contributing to reduced speech understanding in older adults.
CONCLUSION
Results from this study suggest that aging alters temporal properties of auditory cortical responses resulting in delayed synchronous firing to the onset of voicing. Furthermore, brain and behavior measures suggest that some of the speech understanding difficulties expressed by elderly adults may be related to impaired temporal precision. Because age-related differences were obtained for older people who did not report significant hearing difficulty, the problem may be compounded by the presence of significant peripheral pathology requiring amplification. If so, this may explain why many elderly people report that wearing a hearing aid makes speech louder, but does not necessarily make speech clearer. To explore these issues, future studies will be aimed at understanding the effects of peripheral pathology and hearing aid amplification on the neural representation of speech in aging adults. 
